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A B S T R A C T
Oxidation of DNA bases, an inevitable consequence of oxidative stress, requires the base excision repair (BER)
pathway for repair. Caenorhabditis elegans is a well-established model to study phenotypic consequences and
cellular responses to oxidative stress. To better understand how BER affects phenotypes associated with oxi-
dative stress, we characterised the C. elegans nth-1 mutant, which lack the only DNA glycosylase dedicated to
repair of oxidative DNA base damage, the NTH-1 DNA glycosylase.
We show that nth-1 mutants have mitochondrial dysfunction characterised by lower mitochondrial DNA copy
number, reduced mitochondrial membrane potential, and increased steady-state levels of reactive oxygen spe-
cies. Consistently, nth-1 mutants express markers of chronic oxidative stress with high basal phosphorylation of
MAP-kinases (MAPK) but further activation of MAPK in response to the superoxide generator paraquat is at-
tenuated. Surprisingly, nth-1 mutants also failed to induce apoptosis in response to paraquat. The ability to
induce apoptosis in response to paraquat was regained when basal MAPK activation was restored to wild type
levels. In conclusion, the failure of nth-1mutants to induce apoptosis in response to paraquat is not a direct effect
of the DNA repair deficiency but an indirect consequence of the compensatory cellular stress response that
includes MAPK activation.
1. Introduction
Base Excision Repair (BER) is an evolutionarily conserved pathway
that removes a wide range of modified DNA bases. BER is the most
important pathway for repair of oxidised DNA bases, an inevitable
consequence of oxidative stress. As oxidative stress is known to ac-
company aging and a wide range of human age-related diseases, it can
be expected that BER would be important for maintaining health during
aging. This, however, has been difficult to firmly demonstrate. Lesion
specificity in BER is provided by the initial step wherein modified bases
are detected and excised by DNA glycosylases [1]. In mammalian cells,
there are several DNA glycosylases that recognise and remove oxidised
DNA bases. DNA glycosylases have overlapping substrate specificities,
and the lack of adverse phenotypes of DNA-glycosylase deficient mouse
models has been explained by extensive redundancy [2]. Thus, to fur-
ther understand the role of BER in general, and DNA glycosylases in
particular, in counteracting deleterious effects of oxidative stress, there
is a need to study the consequence of BER defects in other animal
models.
The nematode Caenorhabditis elegans is an established animal model
for studies of oxidative stress and DNA damage responses [3]. Work in
C. elegans also has the potential to uncover phenotypes associated with
BER deficiency that may be masked in mammals due to extensive re-
dundancy because the C. elegans genome encodes only two DNA gly-
cosylases, UNG-1 [4–6] and NTH-1 [7]. Other C. elegans BER enzymes
include two AP-endonucleases, EXO-3 [8] and APN-1 [9], of which
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EXO-3 is homologous to the mammalian APE1 enzyme [10]. There is no
ortholog of DNA polymerase β but BER has been demonstrated in C.
elegans [11] and likely utilizes DNA polymerase θ or a replicative DNA
polymerase [12].
The endonuclease III homolog NTH-1 is the only representative of
DNA glycosylases known to repair oxidative DNA base damage in C.
elegans. Like its mammalian counterpart, NTH-1 has activity on a range
of oxidised pyrimidines, like thymine glycol, 5-hydroxymethyluracil (5-
hmU), and 5-formyluracil (5-foU), but also on 8-oxoG when base paired
with G [7]. A null mutant, nth-1(ok724) which carries a deletion
spanning exons 2 through 4 of the nth-1 gene, showed normal mean and
maximum lifespan [7,13], no hypersensitivity to the oxidizing agents
H2O2 or paraquat but a mild sensitivity to juglone [13]. Previously,
Hunter and co-workers [14] failed to observe any difference in in vivo
repair of nuclear or mitochondrial DNA in nth-1 mutants following
treatment with H2O2. Loss of NTH-1 did, however, suppress the re-
productive deficit of exo-3 mutants [10], supporting that NTH-1 func-
tions as a DNA glycosylase in vivo and generates AP-sites, which are
substrates for EXO-3 in the germline.
Here, we show that nth-1 mutants exhibit chronic oxidative stress
and mitochondrial dysfunction and fail to mount an apoptotic response
to the superoxide generator paraquat. The inability to induce apoptosis
was not a direct consequence of the DNA repair defect. Instead, failure
to induce germline apoptosis was a consequence of compensatory cel-
lular stress response that includes elevated basal phosphorylation of the
mitogen-associated stress activated kinase (MAPK) PMK-1 and JNK-1.
These results show that phenotypes in DNA-repair mutants that could
be interpreted as direct consequences of the repair defect may instead
be indirect consequence of cytoprotective stress responses that com-
pensate for DNA repair deficiency.
2. Materials and methods
2.1. Strains and culture conditions
All strains were maintained at 20 °C as described [15] unless
otherwise stated. The reference strain Bristol N2 and RB877 nth-
1(ok724)III, unc-58(e665)X, MD701 (Plim-7ced-1:gfp), and CL2166
[dvIs19[pAF15(gst-4:gfp:NLS)] III] [16] strains were kindly provided by
the Caenorhabditis Genetic Centre (University of Minnesota, St Paul,
MN, USA). All strains were backcrossed at least 6 times into the N2
strain. The RB877 strain is referred to as nth-1 in subsequent sections.
The transgenic strains nth-1;(Plim-7ced-1:gfp) and nth-1;unc-58 were
generated for this work. Escherichia coli strains OP50 and HT115(DE3)
for RNAi studies, and BK2118 (tag alkA) were used as food sources. For
RNAi experiments, worms were maintained for one generation on Ne-
matode Growth Medium (NGM) plates containing 2 mM IPTG (iso-
propyl b-D-1-thiogalactopyranoside) seeded with Escherichia coli
HT115(DE3). All experiments were performed at 20 °C unless otherwise
stated.
2.2. Chemicals and antibodies
Paraquat (PQ), methyl viologen dichloride hydrate, was purchased
from Sigma. The following commercially available antibodies were
used for immunofluorescence and western blotting: phosphorylated
PMK-1 (T180/Y182) (Cell signalling D3F9), phosphorylated JNK-
1(T183/Y185) (NOVUS NBP1-72242), phosphorylated H3 (Ser 10)
(Santa Cruz Biotechnology Inc,) and actin (Abcam ab1801). The spe-
cificity of the antibodies detecting phosphorylated PMK-1 and JNK-1
were validated by immunostaining after RNAi mediated depletion of
PMK-1 and JNK-1 (Supplementary Fig. S3). Secondary antibodies were
Alexa Fluor® 488 conjugate anti-rabbit (Invitrogen), enhanced chemi-
luminescence (ECL) anti-rabbit IgG horseradish peroxidase (HRP)-
linked whole antibody (Thermo Scientific), and anti-rabbit IgG HRP-
linked (Santa Cruz).
2.3. DNA damage induced apoptosis
Synchronized [Plim-7ced-1:gfp] and nth-1(ok724);[Plim-7ced-1:gfp] L4
hermaphrodites were exposed to 400 μM paraquat on NGM plates, or
5 mM N-ethyl-N-nitrosourea (ENU) as a positive control. Germ-cell
corpses were identified by the presence of a GFP outline around the
cells undergoing apoptosis in the pachytene region 24 h post-treatment.
The number of germ-cell corpses per gonad arm was scored under a
Zeiss Axioplan microscope equipped with a 63xPlan-Apochromate 1.4
NA objective and standard epi-fluorescence filters. Data are given as
averages of at least 15 animals per genotype from three independent
experiments.
2.4. Gene expression analyses
Transcriptional activation of C. elegans ced-13 and egl-1 was mea-
sured in synchronized N2 and nth-1 L4 hermaphrodites after treatment
with paraquat, as described above. For total RNA extraction, worms
were disrupted in TRIZOL with 0.7 mm zirconia/silica beads (Biospec
Products) using a Mini-Beadbeater 8 (Biospec Products) at maximum
speed for 30 s. cDNA synthesis was performed using iScript cDNA
synthesis kit (Bio-Rad), according to the manufacturer’s instructions.
Quantitative reverse transcriptase PCR (qRT-PCR) was performed with
SYBR Green supermix (Bio-Rad). ced-13 and egl-1 transcript levels were
normalized to an internal tubulin (tbg-1) control. sod-3 transcript levels
were normalized to Y45F10D.4 control. Primers (Eurogentech) with the
following sequences were used: for egl-1 (5-CCTCAACCTCTTCGGAT
CTT-3) and (5-TGCTGATCTCAGAGTCATCAA-3); for ced-13 (5-GCTCC
CTGTTTATCACTTCTC-3) and (5-CTGGCATACGTCTTGAATCC-3); for
tbg-1 (5-AAGATCTATTGTTCTACCAGGC-3) and (5-CTTGAACTTCTTGT
CCTTGAC-3); for sod-3 (5-gtcgcttcaaatcagttcagc-3) and (5-
gttcttgtcaagtgatccgaca-3); for Y45F10D.4 (5- CTAAGGATGGTGGAGA
ACCTTCA-3) and (5-CGCGCTTAATAGTGTCCATCAG-3).
As a control of RNAi efficiency, mRNA expression levels were
measured after three generations of feeding N2 animals on E. coli ex-
pressing RNAi, targeting the indicated genes. The primers were as fol-
lows (sense strand): xpa-1 forward: (5-CTTGGTGGCGGATTCTGTGA-3),
reverse: (5- TCCCAAAGCCAACTGTCCAT-3); xpc-1 forward: (5-TTTCC
CCATCCAAACGTGCT-3); reverse: (5- AGGGCTTGATATTGGTCGTCG-
3); csb-1 forward: (5-GATGCCAAGAGAGCCAGGAA −3); reverse: (5-
GAATAATGGGAGCAAATGCGGT-3).
2.5. Immunohistochemistry
Animals were collected 24 h after treating synchronized L4 her-
maphrodites with 400 μM paraquat. Germlines were dissected on poly-
L-lysine-coated slides in egg buffer (25 mM HEPES, pH 7.4, 118 mM
NaCl, 48 mM KCl, 2 mM CaCl2, 2 mM MgCl2) supplemented with 0.1%
Tween-20 and 0.2 mM levamisol. Germlines were fixed in 4% for-
maldehyde for 5 min at room temperature and freeze-cracked in liquid
nitrogen. Next, the germlines were fixed in 1:1 acetone:methanol for
10 min at −20 °C, washed in PBS-T (1 x PBS, 0.1% Tween-20) for
5 min, followed by 30 min incubation with image-IT FX signal enhancer
(Invitrogen) and 30 min blocking in PBS-TB (1 x PBS, 0.1% Tween-20,
0.5% BSA). The slides were incubated with primary antibody overnight
at 4 °C, washed three times for 10 min in PBS-T, followed by incubation
with the secondary antibody at room temperature for 2 h. Finally, the
germlines were washed three times for 10 min in PBS-T and mounted
with 7 μl mounting solution containing ProLong Gold (Thermo Fisher)
and 0.5 μg/ml DAPI (Sigma). Primary antibodies were used at the fol-
lowing dilutions: pPMK-1 (1:200), pJNK-1 (1:200), pH3 (1:400), and
RAD-51 (1:20 000) (a gift from Sarit Smolikove). The secondary anti-
body used to detect was Alexa 488- conjugated anti-rabbit at 1:1500
dilution and cy3 at 1:1000 dilution.
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2.6. Quantification of ATP and reactive oxygen species (ROS) content in C.
elegans whole-cell extracts
For ATP and ROS measurements, populations of ∼1000synchro-
nized young adult animals were collected in S-Basal, washed twice,
immediately frozen in liquid nitrogen and stored at −80° C. Frozen
worms were then thawed on ice and subjected to sonication (see wes-
tern blot procedure) in a final volume of 300 μl of S-Basal containing
protease-inhibitor cocktail (Sigma-Aldrich). ATP levels were im-
mediately measured in 25 μg of extract using the ATP Bioluminescence
Assay Kit CLS II (Roche) according to the manufacturer's protocol. Each
biological sample was divided into two duplicate wells in flat bottom
96-well dark plates and measured in an Infinite® 200 PRO (Tecan)
microplate reader. Each assay included a negative control with no ex-
tract. ROS levels were quantified utilizing 50 μg of extract incubated in
500 μl of a 5 μM H2-DCF-DA (2′-7′-dichlorofluorescein-diacetate) so-
lution in S-Basal containing protease-inhibitor cocktail. Each sample
was read in triplicate (150 μl each) in a flat bottom 96-well plate in an
Infinite® 200 PRO (Tecan) microplate reader at excitation/emission
wavelengths of 485 and 528 nm. Different readings were carried out
over a time frame of 2 h to ensure that the reaction was occurring
properly (the initial fluorescence was always subtracted from the last
reading). Data collected at the one-hour time-point are shown as the
average ± SD. Student t-tests were performed to assess statistical sig-
nificance.
2.7. Measurement of steady-state ROS levels and mitochondrial membrane
potential by confocal microscopy
In vivo relative steady-state ROS levels and mitochondrial mem-
brane potential (ΔѰM) was determined using fluorescent confocal mi-
croscopy. Two independent, age-synchronous populations were gener-
ated using a standard treatment with 20% alkaline hypochlorite; half of
each population was reserved to create line-specific internal control
groups. Confocal image analysis was performed on live young adult
nematodes using our previously described method [17–19]. Briefly,
nematodes were incubated for 24 h at 20 °C in the presence or absence
of 10 μM MitoSOX or 10 μM Mitotracker Red CMXRos (Molecular
Probes Inc.) for ROS and ΔѰM assays, respectively. Fluorescent z-stack
images of the pharyngeal bulbs of 17–20 worms from each treatment
and 5 control nematodes that had been immobilized by levamisole were
captured at 60X magnification using an Olympus IX71 inverted mi-
croscope mounted with a Nikon Coolsnap ES2 HQ camera and a short
arc 250W Xenon lamp, all part of a high resolution wide field Core DV
system (Applied Precision™; Oregon Health and Sciences University
Advanced Light Microscopy Core Facility, Portland, OR). Deconvolu-
tion-optimized images were used to quantify relative ROS and ΔѰM
levels by manually enclosing the terminal pharyngeal bulb within each
image and obtaining the average intensity of the area using ImageJ
software. Since maximum fluorescence measures offer greater con-
sistency as they do not depend upon pixel size or on the number/area of
fluorescent signals within an image we analyzed maximum values of
fluorescence as before [18]. Final ROS and ΔѰM levels were calculated
as the difference between pharyngeal bulb intensity in labeled and
unlabeled control worms from each strain.
2.8. Western blot analysis
Quantification of GST-4:GFP protein levels in the transgenic CL2166
strain was performed on whole-worm protein extracts prepared from
∼200 adult worms. Upon collection in S-Basal, animals were washed
and then immediately frozen in liquid nitrogen. Samples were subse-
quently thawed on ice, subjected to two cycles of sonication for ten
seconds (30% power, 30% amplitude) in a BANDELIN SONOPLUS HD
3100 sonicator in a final volume of 300 μl of RIPA buffer containing
protease-inhibitor cocktail (Sigma-Aldrich), and centrifuged at 4° C for
15 min to eliminate insoluble debris. Following total protein quantita-
tion of the supernatant by the Bradford assay, GST-4 protein levels were
measured by western blot analysis, quantified using ImageJ software,
and normalized against actin. SDS-polyacrylamide gel electrophoresis
and western blotting were performed according to standard protocols.
Briefly, total worm extract was separated on 12.5% or 4–20% Criterion
gels (Bio-Rad). Nitrocellulose membranes were blocked in TBS con-
taining 0.5% Tween 20, and 5% non-fat dry milk or BSA for 1 h at room
temperature and incubated with the following primary antibodies:
pPMK-1 (1:200), anti-GFP (Clontech, 1:1000), and anti-Actin (clone
AC-15, Sigma-Aldrich, 1:5000) at 4 °C overnight. Anti-rabbit (Cell
Signaling, 1:10 000) secondary antibody was incubated at room tem-
perature for 1 h.
2.9. Mitochondrial DNA copy number quantification
Determination of mitochondrial DNA (mtDNA) copy number was
quantified using Real Time-quantitative PCR (qPCR). Genomic DNA
from L4 larvae and young adult worms was isolated using a DNA ex-
traction kit (DNeasy Blood and Tissue Kit, Qiagen). qPCR was per-
formed using SYBR GREEN PCR Master Mix (Applied Biosystems) using
the following primers (Eurogentech): the act-3 forward primer (5-TGC
GACATTGATATCCGTAAGG-3) and reverse primer (5-GGTGGTTCCTC
CGGAAAGAA-3). nd-1 forward primer (5-AGCGTCATTTATTGGGAAG
AAGAC-3) and reverse primer (5-AAGCTTGTGCTAATCCCATAAATGT-
3). nd-5 forward primer (5- TTAGCAAGTTTGGTCGAAGAAGATT-3)
and reverse primer (5- GGCCCAAAGTAACTATTGAAAAACC-3). Data
were calculated using the absolute quantification method from a stan-
dard-curve for each primer set and the mtDNA copy number was cal-
culated as the amplification of the mitochondrial gene relative to the
amplification of the nuclear gene. The experiments were repeated at
least 3 times and are presented as relative to L4 N2.
2.10. Respiration analyses
Oxygen consumption of nematodes at 20 °C was determined using
an Oxygraph–2 K (Oroboros, Innsbruck, Austria). The integrated soft-
ware (DATLAB 4.2) presents respiration as oxygen flux; pmol O2/ne-
matode. 400 freshly picked animals were placed on non-seeded NGM
plates followed by immediate transfer to the oxygraph filled with M9
buffer stirred at 300 rpm. To obtain reproducible results, we performed
the experiments within identical times from harvest. We report two
values: the initial respiration after closure of stoppers in the oxygraph
(Vo), and the stable level of respiration (V1), measured 5 min after
closure. The difference (V0-V1) is ascribed to sensitivity to oxygraphy
measurement (e.g. stirring).
3. Results
3.1. C. elegans NTH-1 is an active DNA glycosylase
We confirm previous studies [7] showing that purified NTH-1 has
activity on thymine glycol-containing oligonucleotides (Supplementary
Fig. S1A and B). Still, we observed no reduction in the capacity to repair
the classical NTH-1 substrates 5-hydroxycytosine or 5-hydroxyuracil in
whole-worm extracts prepared from nth-1(ok724) mutants (Supple-
mentary Fig. S1C). In the absence of exogenous stressors, nth-1 mutants
have normal embryonic viability and self-brood size (Supplementary
Table S1). Spontaneous and heat-shock induced male frequencies, in-
creases of which are associated with genomic instability in C. elegans,
were indistinguishable from the isogenic wild-type strain (Supplemen-
tary Table S1). Finally, the spontaneous mutant frequency measured in
the classical unc-58 reversion assay was not elevated in the nth-1;unc-58
mutant compared to the unc-58 strain (Supplementary Table S2).
Hence, although NTH-1 has DNA glycosylase activity in vitro, nth-1
mutants do not show any obvious genomic instability phenotype.
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3.2. Reduced mitochondrial copy number in nth-1
Like its human counterpart [20,21], C. elegans NTH-1 is predicted to
have both nuclear and mitochondrial localization [7]. No defect in
mitochondrial DNA repair was previously observed in the nth-1(ok724)
mutant using a qPCR-based assay, but the authors observed that the
mitochondrial DNA copy number was less stable in the nth-1 mutant
following exposure to H2O2 [14]. To further elucidate whether C. ele-
gans NTH-1 may contribute to maintain mitochondrial integrity, we
measured the mitochondrial genome (mtDNA) copy number. The nth-1
mutant showed the expected developmental increase in mtDNA copy
number from the L4 stage to adulthood [22]. However, the mtDNA
copy number was significantly lower in nth-1 mutants compared to the
isogenic wild-type strain when measured as the amplification of two
different mitochondrial genes, nd-1 and nd-5, relative to the single-copy
nuclear gene act-3 (Fig. 1). The nth-1 mutant had lower mtDNA copy
number compared to the N2 control at both developmental stages, with
50% reduction in L4 larvae (p < 0.05) and a 19% reduction in young
adults (p < 0.05) when measured as the amplification of nd-5 relative
to act-3 (Fig. 1A). Reduced mtDNA copy number was also observed at
the L4 stage when measured with respect to nd-1, which showed re-
ductions of 37% (p < 0.005) at the L4 stage. The 27% reduction in the
mtDNA copy number with respect to nd-1 in adult nth-1 was not sta-
tistically significant (Fig. 1B).
3.3. Increased steady-state ATP and ROS levels in nth-1
Next, we tested whether the reduction in mtDNA copy number was
accompanied by changes in mitochondrial function. Mitochondria are
the main cellular source of ATP in well-fed animals. To test whether the
reduction of mtDNA copy number led to changes in steady-state ATP
levels, we used a standard ATP Bioluminescence Assay. Surprisingly,
nth-1 whole- worm extracts had 3.4-fold higher steady-state ATP levels
compared to the isogenic wild-type strain (Fig. 2A). If the increased
ATP levels resulted from increased mitochondrial ATP production, this
phenotype should be accompanied by increased oxygen consumption.
We therefore measured O2-consumption using an Oxygraph–2 K.
However, both the initial respiration (Vo) and the stable level of re-
spiration (V1) were unchanged in nth-1 mutants (Fig. 2B and C, re-
spectively). Thus, reduced mtDNA copy numbers are not accompanied
by reduced mitochondrial respiration or ATP deficit in the nth-1 mu-
tants. Normal pharyngeal pumping rates in the nth-1 mutant supports
that neuromuscular functionality is maintained in the nth-1 mutant
despite reduced mtDNA copy number (Supplementary Fig. S2). Such
disconnect between ATP levels and oxygen consumption may indicate
that there might be reduced ATP consumption in the nth-1 mutant or,
alternatively, that ATP levels are maintained through alternative bio-
synthetic pathways.
Previous gene expression profiling showed that several genes re-
sponding to oxidative stress were upregulated in nth-1 mutants [13],
including genes transcriptionally activated by SKN-1, the C. elegans
ortholog of human Nrf2 [23]. Quantitative RT-PCR confirms that the
expression of the SKN-1-responsive gene sod-3, a mitochondrial Fe/Mn-
dependent superoxide dismutase, was increased in the nth-1 mutant
relative to a constitutively expressed housekeeping gene Y45F10D.4
(Fig. 2D). To show that GST-4 was upregulated also on the protein level,
we crossed the nth-1mutant into a transgenic strain expressing GST-4 as
a translational fusion with GFP led to a 54% increase (p < 0.001) in
the expression of the GST-4:GFP protein in the nth-1 mutant compared
to the wild type control (Fig. 2E). Thus, there is an upregulation of SKN-
1 responsive genes in the nth-1(ok724) strain.
As SKN-1 is the main sensor of oxidative stress in C. elegans, we
suspected that SKN-1 activation reflected chronic oxidative stress in the
nth-1 mutant. To verify this we took advantage of a ROS-sensitive probe
H2-DCF-DA and found a 29% increase (p < 0.001) in the steady-state
ROS level in extracts prepared from nth-1 (Fig. 2F). Measurement of in
vivo ROS levels using microscopy showed a 3.7-fold increase
(p < 0.001) in the nth-1 mutant (Fig. 2G). The increased ROS may
stem from increased leakage from the mitochondrial electron transport
chain as the mitochondrial membrane potential was reduced 2.4-fold
(p < 0.001) in the nth-1 mutant compared to the N2 strain (Fig. 2H).
Taken together, these results show that C. elegans nth-1 experiences
chronic oxidative stress and mitochondrial dysfunction, characterized
by reduction in mtDNA content and mitochondrial membrane potential
and higher in vivo ROS levels.
3.4. C. elegans nth-1 is unable to induce apoptosis in response to paraquat
Mitochondria are important regulators of apoptosis in several spe-
cies including C. elegans (reviewed in [24]). Thus, we asked whether the
DNA repair defect, combined with mitochondrial dysfunction, in the
nth-1 mutants affected their ability to mount an apoptotic response to
the superoxide generator paraquat, which is known to induce apoptosis
in the C. elegans germline [25], but also generates oxidised DNA bases.
To monitor apoptosis in vivo, we crossed the nth-1 mutant with a
transgenic reporter strain expressing the apoptotic cell engulfment re-
ceptor CED-1 in fusion with GFP [3].
Contrary to what might be expected from a DNA repair mutant, the
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Fig. 1. Reduced mtDNA copy number in nth-1. Mitochondrial DNA
(mtDNA) copy number was measured using quantitative PCR amplifica-
tion of the mitochondrial genes (A) nd-5 and (B) nd-1 relative to a single
copy nuclear gene act-3 in L4 larvae and young adult worms in the wild
type N2 strain (black bars) and the nth-1mutant (white bars). mtDNA copy
number relative to N2 L4 is shown. The data represent the average ± SD
from three independent experiments. Statistical significance between
mtDNA copy number in N2 versus nth-1 were evaluated by a two-tailed
Student t-test. For nd-5 (p = 0.002) and (p = 0.0002) and for nd-1
(p = 0.00003) and (p = 0.1) at L4 and adult stages, respectively.
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nth-1-deficient animals showed a severely attenuated apoptotic re-
sponse to paraquat. Whereas 13 CED-1:GFP positive apoptotic corpses
(4.3-fold induction) were detected in wild type animals 24 h after ex-
posure to 400 μM paraquat, on average, only 6 corpses (1.5-fold) were
detected in nth-1 mutants (Fig. 3A). There was no induction of the C.
elegans p53 ortholog CEP-1-target genes ced-13 and egl-1 in paraquat-
treated NTH-1 deficient animals (Fig. 3B), consistent with previous
findings that paraquat-induced apoptosis is independent of CEP-1 [25].
The core apoptotic machinery is functional in nth-1 mutants as de-
monstrated by a robust induction of apoptosis in response to the alky-
lating agent ethylnitrosourea (ENU) (Fig. 3A and B), which induces
apoptosis in a CEP-1 dependent manner [26]. The reduction in apop-
totic-corpse formation could not be explained by a reduction of apop-
tosis-competent pachytene-staged cells (Fig. 3C). However, when
cultivated under standard growth conditions, the nth-1 mutant had a
significantly reduced number of cells in the mitotic region (Fig. 3D),
which was also reflected by a lower number of cells staining positively
for the G2/M-phase marker phospho-ser10 Histone 3 (PH3) (Fig. 3E).
The mitotic index, calculated as the fraction of PH3-positive cells in the
mitotic zone was identical in the nth-1 mutant and the wild type (0.12
PH3-positive cells/total number of cells), indicating that there was no
defect or block in cell-cycle progression in the mutant. In paraquat-
treated animals, the number of mitotic cells was indistinguishable in
nth-1 and the wild type (Fig. 3D). This effect was caused by a reduction
of mitotic cells in the wild type strain, while the number of germline
mitotic cells in nth-1 mutants was unaffected by paraquat treatment.
Thus, nth-1 mutants fail to induce cell-cycle arrest and robust apoptotic
response following treatment with the superoxide generator paraquat.
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Fig. 2. Increased steady state ATP and ROS levels in
nth-1. (A) ATP levels were measured using a stan-
dard ATP Bioluminescence Assay Kit. (B and C) O2-
consumption was measured using Oxygraph–2 K in
young adult worms. The initial respiration after
closure of stoppers in oxygraph (Vo), and the stable
level of respiration, measured 5 min after closure
(V1). (D) Expression of sod-3 mRNA relative to a
house-keeping gene Y45F10D.4 was measured by
qRT-PCR. (E) GST-4 expression was evaluated from
western blot analysis using anti-GFP antibodies.
Expression of GST-4:GFP was measured relative to
an actin loading control. (F) The ROS sensitive probe
H2-DCF-DA was used to measure ROS levels in
whole worm extracts. (G) in vivo ROS measured as
relative fluorescence intensity measured in the pre-
sence of MitoSOX. (H) Mitochondrial membrane
potential ΔΨM measured in the presence of
Mitotracker Red CMXRos. All data represent the
mean ± SD of three independent experiments from
N2 (black bars) and nth-1 (white bars). Statistical
significance was evaluated by a two-tailed Student t-
test. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)
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3.5. Constitutive PMK-1 and JNK-1 activation in C. elegans nth-1 mutants
Paraquat induces apoptosis in a CEP-1 independent manner through
pathways that depend on the redundant activities of several conserved
stress-responsive mitogen-activated protein kinase (MAPK) pathways
[25]. As both the reduction of germline mitotic cell numbers and the
attenuated apoptotic response would be consistent with a disturbance
in pathways involving these kinases, we tested whether paraquat was
able to activate the MAPK PMK-1, which is required for pathogenesis-
[27] and arsenite- induced germ cell apoptosis [28]. To test whether
PMK-1 was activated in the germline in response to paraquat, we fol-
lowed phosphorylation of PMK-1 (pPMK-1) by immunohistochemistry
(Supplementary Fig. S3A) and measured the average intensity of pPMK-
1 staining in the mitotic and meiotic compartments separately. Phos-
phorylation of PMK-1 was observed in both the mitotic and meiotic
germline compartments in response to paraquat, but whereas the wild
type had a 1.9 −fold increase of pPMK-1 signal intensity (p= 0.0001)
in the pachytene zone, the nth-1 mutant had a lower, 1.2-fold induction
(p = 0.001) (Fig. 4A). There was no difference in the pPMK-1 signal
intensity between nth-1 mutant and the wild type after paraquat
treatment, but the nth-1 mutant had significantly higher intensity of
pPMK-1 staining throughout the germline in the untreated condition
(1.3- and 1.5-fold higher in the mitotic and pachytene regions, re-
spectively). Similar results were obtained by western blotting of pPMK-
1 in total cell extracts prepared from young adults, suggesting that basal
pPMK-1 levels were also high in somatic tissue (Supplementary Fig.
S4A). Thus, paraquat induces pPMK-1 in both strains, but nth-1 mutants
have higher basal PMK-1 phosphorylation.
JNK-1 is known to regulate DNA-damage induced apoptosis in
Drosophila melanogaster and in mammalian cells [29,30], but whether it
does so in C. elegans is not clear. However, JNK-1 are among several
stress-activated MAPK redundantly required for CEP-1 independent
apoptosis in response to arsenite, an inducer of oxidative stress [28]. To
test whether JNK-1 was also activated in response to paraquat, we
followed phosphorylation of JNK-1 (pJNK-1) in the germline (Supple-
mentary Fig. S3B). Weak staining for pJNK-1 was seen in both the
mitotic and pachytene regions of the germline in the wild type strain
under basal conditions (Fig. 4B). As observed for PMK-1, the nth-1
mutant had higher basal pJNK-1 staining in both germline compart-
ments (Fig. 4B). Compared to the wild type counterpart, the nth-1
mutant had 2.7-fold (p= 0.0001) and 4-fold (p= 0.0001) higher basal
pJNK-1 staining intensity in the mitotic and pachytene zones, respec-
tively.
After paraquat exposure, pJNK-1 was induced in the wild type strain
with staining intensity increasing across the germline, with 3.9-fold
induction (p = 0.0001) in the mitotic region and 6-fold induction
(p = 0.0001) in the pachytene region. In paraquat treated nth-1 mu-
tants, the additional increase in signal intensity was modest with 1.3-
fold (p = 0.009) and 1.1-fold (p = 0.0006) induction in the mitotic
region and pachytene zone, respectively (Fig. 4B).
Taken together, nth-1 mutants experience by chronic oxidative
stress and higher basal activation of the stress responsive kinases, PMK-
1 and JNK-1, concomitant with attenuated response to paraquat.
3.6. Loss of GG-NER restores apoptosis induction and reduced JNK-1
activation in nth-1 mutants
As CEP-1 dependent apoptosis is functioning normally in nth-1
mutants (Fig. 3A), we asked whether the chronic oxidative stress, in-
cluding high basal MAPK activation, could be an underlying cause of
the failure of nth-1 mutants to induce apoptosis in response to paraquat.
If so, we would expect that the ability to induce apoptosis would be
regained if the compensatory cellular stress responses were attenuated.
It has been shown that PMK-1 is required for induction of apoptosis in
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Fig. 3. Loss of NTH-1 attenuates paraquat-induced
apoptosis. (A) Apoptotic cell corpses (left panel)
were quantified in the transgenic NTH-1 proficient
ced-1:gfp strain (black bars) and nth-1;ced-1:gfp
(white bars) 24 h after treatment with 400 μM
paraquat and 5 mM ENU. The number of apoptotic
cell corpses per gonad arm was counted in more than
20 germlines per experiment and is given as the re-
lative induction± SEM compared to the basal level
for each strain from three to four independent ex-
periments. (B) Expression levels of the CEP-1 target
genes egl-1 (white bars) and ced-13 (black bars) re-
lative to tbg-1 were measured by qRT-PCR from RNA
extracted from young adult nth-1 mutants 24 h h
after exposure to paraquat or ENU. Data is given as
average ± SEM from three independent experi-
ments. (C) For analysis of meiotic germ cell number,
DAPI stained germline nuclei were quantified in the
meiotic region from at least 15 germlines and given
as average ± SD. (D) The number of cells in the
mitotic region was quantified by counting DAPI-
stained mitotic germ cells from images captured in
one single optical section in at least 15 germlines and
given as average ± SD. (E) For quantification of the
number of G2/M-phase cells, dissected germlines
were subjected to immunohistochemistry and
stained with antibodies recognizing phospho-ser10
Histone 3 (PH3). The number of PH3-positive cells
was quantified in the mitotic zone. Data are given as
average ± SD from at least 15 germlines. Panels B,
C, and D shows results from N2 (black bars) and nth-
1 (white bars).
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response to paraquat [25]. Here, we confirm this observation in wild
type animals (Supplementary Fig. 4E) and it was therefore not sur-
prising that depletion of PMK-1 by RNAi was unable to restore apop-
tosis in the nth-1 mutant (Supplementary Fig. 4E). Similarly, depletion
of JNK-1 by RNAi suppressed germline apoptosis in the both wild type
and in nth-1 mutants (Supplementary Fig. S4E), suggesting that JNK-1
contributes to paraquat-induced apoptosis as it does for arsenite [28].
Therefore, depletion of PMK-1 or JNK-1 could not restore apoptotic
response to paraquat.
However, we showed previously that activation of the compensa-
tory stress response depended on a collaboration between NTH-1 and
DNA damage recognition proteins of the Nucleotide Excision Repair
(NER) pathway [13,31]: We showed that there was no induction of
SKN-1 or other oxidative stress response genes in nth-1 mutants
(Fig. 2D, 2E) that also lacked the NER protein XPA-1 [13]. Thus, we
tested whether the high basal activation of JNK-1 in the germline,
which is part of this compensatory program, was suppressed by de-
pleting key NER proteins. In support of this hypothesis, depletion of
XPA-1 resulted in markedly suppressed basal pJNK-1 staining in nth-1
germlines while there was no effect on basal pJNK-1 staining in un-
treated wild type controls (Fig. 5A). As expected from our previous
studies [31], this effect was not exclusive to XPA-1, but was seen also
after depletion of XPC-1, which is required for DNA damage detection
in global genome NER (GGR). Depletion of CSB-1, which is required for
transcription-coupled repair in somatic cells, but not required for UV-
induced apoptosis in the germline [32], also suppressed basal JNK-1
phosphorylation in the nth-1 mutant but not to the same extent as XPA-
1 and XPC-1 depletion (Fig. 5A). Depletion of XPA-1 and XPC-1 did not
prevent JNK-1 phosphorylation in response to paraquat in wild type
animals (Fig. 5B), but no JNK-1 phosphorylation was seen in the nth-1
mutants (Fig. 5B). Depletion of CSB-1 suppressed JNK-1 phosphoryla-
tion following paraquat treatment in wild-type animals and, to a lesser
extent, also in nth-1mutants (Fig. 5A and 5B). Thus, the basal activation
of JNK-1 in the nth-1 mutant is a consequence of the compensatory
stress response elicited through genetic interactions between DNA da-
mage recognition proteins of the BER and GG-NER pathways.
If the attenuated apoptotic response following paraquat treatment
of the nth-1mutant resulted from high basal JNK-1 phosphorylation, we
would expect that the apoptotic response would also be regained by
depleting XPA-1 and XPC-1, but perhaps not in CSB-1 depleted animals
as JNK-1 seemed to be required for robust apoptotic response to para-
quat (Supplementary Fig. S4E) and csb-1 RNAi interfered with JNK-1
phosphorylation (Fig. 5B). In support of this hypothesis, the number of
apoptotic corpses induced by paraquat in nth-1 depleted for XPA-1 or
XPC-1 by RNAi was indistinguishable from the wild type (Fig. 5C). The
basal level of apoptotic corpses was unchanged in wild type and nth-1
mutants under these conditions, showing that apoptosis induction de-
pended on paraquat treatment (Supplementary Fig. S4C). Suppression
Fig. 4. Attenuated MAPK activation in response to
paraquat in nth-1. (A) pPMK-1 staining in the mitotic
(left panel) and pachytene (right panel) regions of
young adult nth-1 and wild type germlines, either
untreated (control) or 24 h after 400 μM paraquat
treatment. Nuclei were stained with DAPI. Average
signal intensity of pPMK-1 staining was quantified in
a 40 × 107 nm2 area in the mitotic zone (left panel)
and 120 × 107 nm2 area in the pachytene zone
(right panel). (B) pJNK-1 staining in the mitotic (left
panel) and pachytene (right panel) regions of young
adult nth-1 and wild type germlines, either untreated
(control) or 24 h after paraquat treatment. Average
signal intensity of pJNK-1 staining was quantified as
above. The graphs represent mean ± SD from at
least 15–20 germlines for each condition. Two-tailed
Students t-tests were used to evaluate significance.
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of transcription-coupled repair by depleting CSB-1 gave less efficient
suppression of basal pJKN-1 staining (Fig. 5C) even though the RNAi
efficiency was comparable to that of xpa-1 and xpc-1 RNAi (Supple-
mentary Fig. S4D). Depletion of CSB-1 did not result in a statistically
significant increase of paraquat-induced apoptotic corpses compared to
nth-1 mutants fed control RNAi (Fig. 5C). Thus, the inability to mount
an apoptotic response to paraquat in the nth-1 mutant correlates with
high basal JNK-1 phosphorylation but not the paraquat induced JNK-1
phosphorylation level.
Taken together, our data support the conclusion that failure to in-
duce apoptosis in nth-1 mutants is not a direct consequence of the DNA
repair defect. Instead, attenuation of the apoptotic responses to para-
quat in nth-1 is a side effect of the activation of compensatory stress
response pathways, which include increased basal JNK-1 phosphor-
ylation in the germline.
4. Discussion
4.1. Repair of oxidative DNA damage in C. elegans
NTH-1 is the only C. elegans DNA glycosylase known to initiate re-
pair of oxidised bases through the BER pathway. NTH-1 has activity on
classical NTH substrates like 5-hydroxycytosine and thymine glycol
(this study and [7]), but we observed no BER defect nor increased
mutation frequency in the nth-1;unc-58 mutant compared to the unc-58
reference strain. In contrast, C. elegans ung-1 mutants show elevated
spontaneous mutation frequency when measured in both the unc-58
reversion assay [5] and in a transgenic mutation-reporter assay [33].
Thus, it may be that other DNA repair pathways, such as NER, are more
important than BER to repair oxidative DNA damage [34]. It is also
possible that the upregulation of oxidative stress responses [13] coun-
teracts damage accumulation [31].
4.2. Bioenergetic changes in C. elegans nth-1
In contrast to the lack of a clear DNA repair defect, C. elegans nth-1
Fig. 5. Suppression of basal JNK-1 phosphorylation
restores paraquat-induced apoptosis in nth-1. N2
wild type (left panels) and nth-1 mutants (right pa-
nels) germlines were extracted 24 h after the L4
stage from untreated animals (A) or after treatment
with 400 μM paraquat from the L4 stage (B). The
germlines were stained with pJNK-1 antibodies.
Nuclei were stained with DAPI. Average signal in-
tensity of pJNK-1 staining was quantified in a
40 × 107 nm2 area in the mitotic zone. The graphs
represent mean value ± SD from at least 15–20
germlines for each condition. Two-tailed Students t-
tests were used to evaluate significance. (C) The
transgenic NTH-1 proficient ced-1:gfp strain WT
(black bars) and nth-1;ced-1:gfp (white bars) were
cultured on empty vector control RNAi (L4440) or
RNAi targeting the indicated genes. Apoptotic cell
corpses were quantified in 24 h after treatment with
400 μM paraquat. The average number of apoptotic
cell corpses per gonad arm was determined from
more than 20 germlines per experiment and is given
as the relative induction± SEM compared to the
basal level for each strain from three to four in-
dependent experiments.
H. Kassahun et al. DNA Repair 61 (2018) 46–55
53
mutants have a mild mitochondrial dysfunction phenotype with re-
duced mitochondrial DNA content and reduced mitochondrial mem-
brane potential. This was accompanied by increased steady-state ROS
levels, an expected consequence of mitochondrial dysfunction but,
surprisingly, also by increased ATP levels. This apparent discrepancy
would suggest that the mitochondrial dysfunction in nth-1 mutants
causes a bioenergetic shift away from oxidative phosphorylation (ex-
plaining the high ROS and low mitochondrial membrane potential) to
alternative pathways such as aerobic glycolysis, which would be con-
sistent with high ATP levels [35]. High ATP levels would also be con-
sistent with increased reliance on mitochondrial- or peroxisomal-beta
oxidation which is supported by the nth-1 transcriptome [13].
Mitochondrial dysfunction and altered bioenergetic profiles are
emerging as a prominent phenotype in several DNA repair mutants. We
have previously shown that mitochondrial dysfunction is seen in xpa-1
[36], csb-1 [37], and atm-1 mutants [38]. In these mutants the mi-
tochondrial dysfunction is, at least partly, an indirect consequence of
constitutive PARP1 over-activation, which leads to depletion of cellular
NAD+ pools, defects in mitochondrial biogenesis, and clearance of
dysfunctional mitochondria. We have not been able to detect PARP-1
over-activation in nth-1 germlines (data not shown) nor dysregulation
of mitochondrial biogenesis genes in nth-1 mutants [13]. Unlike NER,
BER also functions in mitochondria, so it is possible that the mi-
tochondrial dysfunction of nth-1 mutants is a direct consequence of the
mitochondrial DNA repair defect, although no mtDNA repair defect was
observed following H2O2 treatment in nth-1 [14]. Thus, the molecular
mechanisms causing mitochondrial dysfunction in the nth-1 mutant
remains unknown, but it is possible that the nth-1 mutants have a subtle
mitochondrial DNA repair defect not detected by the qPCR assay or
accumulation of mitochondrial mutations that affect mitochondrial
function.
4.3. MAPK activation modulates response to paraquat
Previous gene expression profiling of nth-1 mutants showed that
genes involved in oxidative stress responses and innate immunity were
differentially regulated in the nth-1 mutant. Gene set enrichment ana-
lyses suggested that several genes known to be regulated by p38 MAPK
and JNK stress-activated protein kinases were upregulated [13]. Here
we present further experimental support for this observation: Using
immunohistochemistry and western blot analyses we showed that nth-1
mutants have elevated basal activation of PMK-1 and JNK-1, where
JNK-1 phosphorylation was prominent in the germline.
Increased basal phosphorylation of JNK-1 and PMK-1 is consistent
with constitutive SKN-1 activation [13] and upregulation of antioxidant
defence genes such as gst-4 and sod-3 (Fig. 2D, E). A higher induction of
CEP-1 dependent apoptotic corpses by ENU treatment is further sup-
porting elevated MAPK kinase activation [39]. The basal MAPK acti-
vation is likely part of a complex compensatory transcriptional program
that fine-tune cellular communication to compensate for NTH-1 defi-
ciency. Because several MAPK, including PMK-1 [25] and JNK-1
(Supplementary Fig. S4E), are required for induction of apoptosis in
response to paraquat, depletion of JNK-1 and PMK-1 expression by
RNAi was not able to reactivate apoptosis competency in the nth-1
mutant (Supplementary Fig. S4E).
However, we previously showed that oxidative stress response ac-
tivation and transcriptomic reprogramming, or re-wiring, of nth-1 mu-
tants depended on XPA-1 [13] and vice versa, NTH-1 was required for
compensatory transcriptome and proteome re-wiring of xpa-1 mutants
[31]. Our current data is supportive of our previous observation and
suggests that there might be collaboration between BER and NER at the
damage recognition step. The mechanism behind activation of com-
pensatory oxidative stress response in the nth-1 mutant remains un-
known but it is possible that the mild mitochondrial dysfunction and
increased ROS production is sufficient for MAPK activation: Recently, it
was shown that ROS, generated as a result of mitochondrial
dysfunction, signalled through the apoptotic pathway to elicit a pro-
longevity response and that this ROS signal suppressed the longevity
induced by paraquat and the mitochondrial respiratory chain mutant
isp-1 [40]. This would be consistent with a model in which the ROS
signal generated through mild mitochondrial dysfunction elicits the
compensatory stress response underlying the weak apoptotic response
to paraquat. Interestingly, it was found that depletion of nth-1 sup-
pressed the increased lifespan of isp-1 [40], which again would support
a mechanism wherein mitochondrial dysfunction in nth-1 mutants
generates a ROS signal.
Alternatively, activation of MAPK could result from a systemic re-
sponse to the presence of nuclear DNA damage in germ cells [41]. This
is supported by the fact that depletion of XPA-1 and XPC-1, which
function in nuclear but not mitochondrial DNA repair, suppresses basal
JNK-1 activation.
Consistent with our interpretation that the attenuation of paraquat-
induced apoptosis was a consequence of the compensatory stress re-
sponse, we found that elevated basal phosphorylation of JNK-1, which
was constitutively activated in the nth-1 germline, correlated with the
inability to activate apoptosis in response to paraquat. However, there
was no indication that the degree of JNK-1 phosphorylation in para-
quat-treated animals per se correlated with apoptosis induction, as JNK-
1 phosphorylation was not induced in apoptosis competent nth-1 mu-
tants depleted for the NER proteins XPA-1 and XPC-1 (Fig. 5B and C).
Classical markers of DNA damage response activation such as RAD-
51 foci (Supplementary Fig. S6) and transcriptional activation of the
CEP-1 target gene egl-1 (Fig. 3B and Supplementary Fig. S4B) were not
induced in response to paraquat in wild type nor in the nth-1 mutant.
The failure of nth-1 mutant to induce apoptosis is therefore unlikely to
reflect a requirement for NTH-1-mediated processing of DNA damage to
activate classical DNA damage signalling. Consistently, there was no
activation of egl-1 expression in nth-1 mutants depleted for XPA-1, XPC-
1, and CSB-1 excluding the possibility that apoptotic competency was
gained because of a switch toward utilisation of classical DNA damage
response signalling and CEP-1 dependent apoptosis (Supplementary
Fig. S4B). Basal activation of MPK-1, a MAPK that regulates CEP-1
dependent apoptosis in the C. elegans germline [39], was not elevated in
nth-1 and it responded as strongly, or even much stronger, to paraquat
as in the wild type (Supplementary Fig. S5).
In conclusion, we have demonstrated that C. elegans nth-1 mutants
exhibit a mild mitochondrial dysfunction phenotype and experience
chronic oxidative stress. Their elevated ROS levels likely lead to altered
bioenergetics and elevated basal MAPK activation that leads to an at-
tenuated apoptotic responses to paraquat. These results show that a
DNA repair mutant phenotype that could be interpreted as direct a
consequence of the repair defect is more likely an indirect consequence
of cytoprotective responses that compensate for DNA repair deficiency.
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